Hepatitis B virus (HBV) infection results in different clinical presentation due to different levels of immune response. Our study aimed to characterize HBV full-length genome quasispecies (QS) in patients with different phases of infection to better understand its pathogenesis. Forty treatment-naive HBV-infected patients were enrolled, including 10 cases of acute hepatitis B (AHB), 9 cases of immunotolerant (IT) HBV carriers, 11 cases of chronic hepatitis B (CHB), and 10 cases of acute-on-chronic liver failure (ACLF). The present study was conducted by clone-based sequencing. QS heterogeneity within each open reading frame was calculated. The mutation frequency index (MFI) and amino acid variations within the large HBsAg, HBcAg, and HBxAg regions were analyzed based on the different infection phases. In total, 606 HBV full-length sequences were obtained. HBV QS had higher heterogeneity in ACLF and CHB than that in IT among chronically infected individuals. AHB patients had the lower QS heterogeneity at onset than those with chronic infection. ACLF patients had the highest frequency of mutations in the core promoter and precore region. A triple mutation (A1762T/G1764A/G1896A) was observed more frequently in genotype C than in genotype B. The MFI indicated that specific peptides of the studied regions had more frequent mutations in ACLF. Furthermore, several amino acid variations, known as T-and B-cell epitopes, were potentially associated with the immunoactive phase of infection. More HBV genome mutations and deletions were observed in patients with more severe diseases, particularly in specific regions of the core and preS regions, the clinical significance and mechanism of which need to be further investigated.
H
epatitis B virus (HBV) infection causes a wide spectrum of clinical manifestations ranging from an asymptomatic carrier state (immunotolerant state) to acute or chronic hepatitis, with progression to severe liver disease (1, 2) . It is therefore generally believed that the outcome of HBV infection and the severity of associated liver diseases are determined by the nature and strength of the host immune response against the virus (3).
It is well-known that HBV, a hepatotropic and noncytopathic DNA virus replicated by an error-prone polymerase through an RNA intermediate, exists as a quasispecies (QS) (4) . HBV QS with genetically heterogeneous variants are thought to play a role in the progression of HBV-associated liver diseases. Selection pressures for the virus come from (i) competition between viral variants (differences in replicative efficiency) (5) and/or (ii) host immune activity (3) . It was recently documented in a Chinese study that the coexistence of the HBV variants (A1762T/G1764A/G1896A mutation and preS deletion/S deletion at a 1:4 ratio) from an HBVassociated liver failure patient could increase, in vivo and in vitro, HBV replication, and this could significantly modulate specific host immune responses (6) .
We previously reported that HBV QS complexity and diversity within the reverse transcriptase (RT) region in responders are lower than those in nonresponders during the early stage of oral antiviral treatment (7, 8) , which may contribute to the prediction of long-term virologic responses (8) . Other studies have also shown that dynamic changes in HBV QS complexity and diversity may predict a sustained virologic response to long-term nucleotide acid analogue treatment (9, 10) . Similar, but not identical, studies from Singapore showed that the evolution of viral diversity increased in HBeAg seroconverters treated with lamivudine (11) and interferon (12) .
Nevertheless, it remains unknown whether or not HBV QS complexity and diversity make significant variations through the natural history of chronic and acute disease progression without selective pressure of antiviral treatment. Coffin et al. (13) recently revealed the differences between HBV polymerase (Pol)/S variants from the plasma and peripheral blood mononuclear cell (PBMC) compartment in treatment-naive patients during different chronic hepatitis B (CHB) immune phases and the presence of drug-resistant and immune escape variants ("a" determinant mutation). There is some evidence that changes in HBV sequences can be selected due to host immune pressure (14) and that the HBV mutation rate is even higher in HBeAg-negative individuals (15) , possibly due to increased immune pressure prior to the loss of HBeAg or higher levels of virus replication in the absence of HBeAg, which could be restored by basal core promoter (BCP) mutations (A1762T/G1764A dual mutations) (16) . This suggests that the host immune response plays a critical role in viral evolution. During acute hepatitis B (AHB) disease progression, both innate and adaptive immune responses are effective, and the mechanism of HBV persistence is not fully understood but is likely multifactorial, including HBV-specific immunosuppression and virus factors (HBxAg and HBeAg) (17) .
In an attempt to investigate HBV QS in treatment-naive patients with different levels of selective pressure (different phases of infection), HBV full-length genome (each clone revealed one complete HBV genome) QS and mutations by clonal sequencing were isolated from 40 individuals.
MATERIALS AND METHODS

Patients. Forty treatment-naive HBV-infected inpatients from Shanghai
Ruijin Hospital, The Sixth People's Hospital in Shanghai, and The Fifth People's Hospital in Wuxi, China, were enrolled in this study; comprising 10 patients with onset of acute hepatitis B (AHB), 9 chronic HBV carriers (immunotolerant [IT]), 11 patients with chronic hepatitis B (CHB), and 10 patients with HBV-associated acute-on-chronic liver failure (ACLF). Acute hepatitis B is defined as a transient presence of HBsAg within 6 months without history of chronic hepatitis B (2). The diagnosis of immunotolerant HBV infection, chronic hepatitis B, and ACLF was based on criteria recommended by the Asian Pacific Association for the Study of the Liver (APASL) (18, 19) . In the present study, the IT phase was defined as being HBeAg seropositive with high HBV DNA levels (Ͼ2,000,000 IU/ ml) but normal serum alanine aminotransferase (ALT) levels (18) , while the inclusion criteria of the CHB group were being HBsAg positive for Ͼ6 months and having an HBV DNA level of Ͼ20,000 IU/ml with serum ALT level Ͼ2 the upper limit of normal (ULN). ACLF is defined as an acute hepatic insult manifesting as jaundice and coagulopathy, complicated within 4 weeks by ascites and/or encephalopathy in a patient with previously diagnosed chronic HBV infection (19) . In our study, patients with chronic HBV infection (IT, CHB, and ACLF) had a history of being HBsAg seropositive for Ͼ8 years (8 to 20 years). Serum samples from AHB and ACLF patients were collected within 1 week of clinical onset. Spontaneous HBsAg seroconversion was observed within 3 months of clinical onset of the infections in all AHB patients. The exclusion criteria included human immunodeficiency virus, hepatitis C virus, or hepatitis D virus coinfection and liver disease due to other causes, such as autoimmune liver disease, alcoholic hepatitis, and drug-induced hepatitis.
Liver biochemistry, HBV serology, and HBV DNA tests. Liver biochemical (ALT and total bilirubinemia [TB] ) and coagulation (prothrombin time [PT]) parameters were tested using an automated chemistry analysis system (Beckman Coulter, Fullerton, CA, USA). HBV serologic markers were determined with a chemiluminescent microparticle immunoassay using the Abbott Architect immunoassay system (Abbott Laboratories, Abbott Park, IL, USA). The HBV DNA levels were measured by PCR using the Cobas Amplicor HBV monitor test (Roche Diagnostics, Mannheim, Germany), with a lower limit of quantification at 57 IU/ml. Patients with serum HBV DNA levels of Ͼ2,000 IU/ml were included in this study. The clinical features of all patients are presented in Table 1 .
Written consent was obtained from all patients. The study protocol was approved by the ethics committee of Ruijin Hospital in accordance with the Declaration of Helsinki.
Amplification of full-length HBV genomes and cloning of PCR products. HBV genomes were extracted from 200-l serum samples of treatment-naive patients using the QIAamp blood minikit (Qiagen, Hilden, Germany). HBV full-length genomic DNA was amplified by PCR in 100 l of buffer containing 30 l of HBV DNA template, 2 l of PfuUltra Hotstart DNA polymerase (Agilent Technologies, Santa Clara, CA, USA), and primers F1-R1 (F1, 5=-TTTTTCACCTCTGCCTAATCA [nucleotides {nt} 1821 to 1841]; and R1, 5=-AAAAAGTTGCATGGTG CTGG [nt 1825 to 1806]), which were designed according to Günther et al. (20) . AccuPrime Pfx SuperMix (Invitrogen, Carlsbad, CA, USA) was used to ensure high-fidelity PCR. The reaction parameters were as follows: 95°C for 15 min, 40 cycles at 95°C for 40 s, 56°C for 30 s, and 72°C for 190 s, with a final extension of 72°C for 7 min. PCR products of 3.5 kbp were purified using the QIAquick gel extraction kit (Qiagen), cloned into the pGEM-T vector after the addition of adenylate tails (Promega, Madison, WI, USA), and transformed into Escherichia coli strain TOP10 competent cells (Invitrogen) growing on ampicillin plates.
Sequencing. (21) . Viral QS heterogeneity was evaluated using two parameters (complexity and diversity). QS complexity, which is the number of variants identified in a single sample, was measured using normalized Shannon entropy (Sn), as previously described (7, 8) . The viral diversity was defined as the average pairwise distance between the viral DNA sequences of a given time point of a patient (11) . QS diversity was evaluated by three parameters: the mean genetic distance (d), the number of synonymous substitutions per synonymous site (dS), and the number of nonsynonymous substitutions per nonsynonymous site (dN). Calculations were conducted using the Tamura 3-parameter method or the JTT matrix-based method, or by analysis at the nucleotide or amino acid level, respectively, using the MEGA 5. (23) . The figure for the complexity was generated using the Circos visualization tool (24) . The insertions were discarded when calculating the complexity.
The mutation frequency index (MFI) was calculated for three open reading frame regions (core, large HBsAg, and X) and compared to the reference sequences (genotype B, GenBank accession no. D00330; genotype C, GenBank accession no. AB033556) using the following formula (25) : MFI ϭ (x/[y ϫ z]) ϫ 100, where x represents the total number of mutations/deletions observed in the amino acid sequences, y represents the total number of samples in a group, and z represents the length of the amino acid sequence. Heat maps were generated for the individual amino acid data sets to graphically depict the distribution of mutation frequencies across the amino acid regions. The Perl programming language was used to calculate the MFI values for each patient, and the heat maps were generated using the ggplot2 package in R language. The number of mutations per 15 amino acids was plotted on the x axis, and regions across were color-coded with red (depicting the highest mutation frequency) and green (depicting the lowest mutation frequency) (25) .
All clones were compared with the reference sequences (genotype B, GenBank accession no. D00330; genotype C, GenBank accession no. AB033556) to identify variations in the core promoter and precore regions at the nucleotide level and variations in HBcAg, large-HBsAg, and HBxAg at the amino acid level. Established nucleos(t)ide analogue (NA) resistance-related or compensatory mutations involved the following RT mutations: rtL80V/I, rtT128P (26), rtI169T, rtV173L, rtL180M, rtA181S/ T/V, rtT184S/A/I/L/F/G, rtA194T, rtS202G/I, rtM204V/I/S, rtN236T, rtN/H238T/A, and rtM250V (27) . All deletion/insertion mutations and stop codon mutations were also described in our study.
Statistical analysis. The results of continuous variables are expressed as the mean Ϯ standard error (SE) or the median and range. QS complexity or diversity was compared between the acute and chronic infection groups by unpaired t test and between four groups by one-way analysis of variance (ANOVA) (Bonferroni) or the Kruskal-Wallis test (Dunn). A P value of Ͻ0.05 indicated a statistically significant difference for complexity and diversity. The distribution of point variations within the core promoter and precore regions at the nucleotide level and within the large HBsAg, HBcAg, and HBxAg at the amino acid level among the four groups was analyzed by a chi-square test. The point variations (nucleotides or amino acids) with a P value of Ͻ0.001 and the number of patients with such variation in the highest group (not fewer than two) simultaneously was shown in our study. The statistical analysis was performed with SPSS 19.0 (Chicago, IL, USA). Figure S1 in the supplemental material depicts the phylogenetic analysis performed on 14 HBV genomelength reference strains (genotypes A to J) and 41 isolated sequences (39 patients each, and one patient coinfected with genotypes B and C) from the studied patients. The viral isolates clustered in two branches corresponding to genotypes B and C.
RESULTS
Phylogenetic analysis.
Distribution of HBV QS and complexity and diversity. The distribution of HBV QS for 40 patients is shown in Fig. 1 . Fourteen to 17 clones were isolated from each patient infected with HBV. QS complexity (Sn) of 606 clones at the nucleotide and amino acid levels for HBV full-length (at the nucleotide level only), large HBsAg, middle HBsAg, HBsAg, HBxAg, HBcAg, polymerase region, RT region, and core promoter region (at the nucleotide level only) is shown as the mean Ϯ standard error (SE) in Table 2 . Generally, the QS complexity of HBV chronically infected patients was statistically higher than that of the patients with acute infection at large HBsAg, middle HBsAg, HBsAg, HBcAg, polymerase, and RT regions rather than at the HBxAg and core promoter region. Among the subgroups with chronic infection, the QS complexity of CHB and ACLF patients was higher than that of the IT patients at the HBcAg region at both levels but at the large HBsAg, middle HBsAg, and RT regions at the nucleotide level only and at polymerase at the amino acid level only, based on the statistics; however, no significant difference was found between CHB and ACLF in all studied regions. Thus, AHB, followed by IT, had lower QS heterogeneity than that of the other groups. In the ACLF group, five patients recovered from the acute phase and survived 90 days, but the other five patients died within 90 days. The survivors and nonsurvivors were comparable in age, gender, ALT level, TB, PT, HBeAg status, and HBV DNA level at onset, HBV genotype, cirrhosis status, and antiviral therapy; however, the QS complexity in the middle HBsAg (0.387 versus 0.741 in survivors and nonsurvivors, respectively; P ϭ 0.017 at the nucleotide level; 0.284 versus 0.662 in survivors and nonsurvivors, respectively; P ϭ 0.016 at the amino acid level) and the HBsAg (0.358 versus 0.699 in survivors and nonsurvivors, respectively; P ϭ 0.022 at the nucleotide level; 0.238 versus 0.597 in survivors and nonsurvivors, respectively; P ϭ 0.020 at the amino acid level) were lower in survivors than nonsurvivors, although no difference existed in other regions (data not shown).
QS diversity (d, dS, and dN), shown as the median and range, is shown in Table 3 . The mean genetic distance (d) of CHB and ACLF patients was significantly higher than that of AHB patients at the large HBsAg, HBcAg, polymerase, and RT regions (P Ͻ 0.01) at both levels, while at the middle HBsAg and HBsAg, the difference existed at the nucleotide level only, compared to AHB patients. The dN of CHB and ACLF patients was also significantly higher than that in AHB patients at the large HBsAg, HBsAg, HBcAg, polymerase, and RT regions.
The Enh I/X promoter region had less complexity and diversity in the acute group (acute versus chronic for mean Sn, 0.114 versus 0.413, respectively, unpaired t test, P Ͻ 0.001; for median d, 0.0003 versus 0.0022, respectively, Kruskal-Wallis test, P Ͻ 0.001), while there was no difference among the chronic subgroups. Furthermore, neither complexity nor diversity in the CURS, epsilon, NRE, and Enh II regions had any statistically significant differences between the acute and chronic groups or among the chronic subgroups (data not shown).
The complexity of each nucleotide position for the HBV full-length genome (nt 1 to 3215) is shown in Fig. 2 . Generally, in AHB and IT, genotype B had fewer mutated nucleotide positions than genotype C; however, in CHB and ACLF, the core region appeared to be the most mutated region, followed by the preS2 region.
MFI of the HBcAg, large HBsAg, and HBxAg regions. The MFI distribution among the different clinical presentation groups is shown in Fig. 3 . Overall, an increase in MFI was observed in ACLF and CHB patients compared to that in AHB and IT patients. Furthermore, the MFI was higher for HBV genotype B than genotype C. Heat maps were generated for the HBcAg, large HBsAg, and HBxAg regions to graphically depict the distribution of the mutation frequencies. Amino acids 90 to 135 of HBcAg in genotype C and amino acids 60 to 130 in genotype B had more mutations or deletions in ACLF patients, followed by CHB patients, compared to AHB or IT patients ( Fig. 3A and B ). Specific preS regions had a higher MFI in ACLF patients than in other patients ( Fig. 3C and D) . Amino acids 131 to 135 in the HBxAg region had more mutations in ACLF patients for genotype B, while the same amino acid sequence had more mutations in ACLF and CHB patients for genotype C (Fig. 3E and F) .
Point variations in HBV treatment-naive patients. (i) Nucleotide variations in core promoter and precore regions. The frequency of potential influential variations associated with the clinical spectrum at the core promoter and precore regions, compared to the reference sequences (genotype B, GenBank accession no. D00330; genotype C, GenBank accession no. AB033556) in HBV treatment-naive patients, is summarized in Fig. 4 and Table S1 in the supplemental material. IT patients had the lowest frequency of mutations at the core promoter and precore regions, followed by AHB patients. Furthermore, of those with chronic infection status, ACLF patients had a higher frequency of mutations at T1753C (28.6%), A1762T (64.8%), G1764A (51.3%), T1800C (21.4%), A1846T/C (53.2%), G1862T (20.1%), and G1896A (61.0%) than that of the other groups. In addition, the number of A1762T/ G1764A double mutations in ACLF patients (72/154 clones [5 of 10 patients]) was significantly higher than that in CHB patients (48/165 clones [4 of 11 patients]), followed by AHB patients (15/ 149 clones [1 of 10 patients]) and IT patients (10/138 clones [1 of 9 patients]; P Ͻ 0.001). Furthermore, the A1762T/G1764A/ G1896A triple mutation was observed more frequently in genotype C (six of nine patients with A1762T/G1764A or G1896A mutations) than in genotype B (only one patient), all of them with the highest full-genome complexity. Approximately one-third (34.4%) of the clones from ACLF patients had triple mutations compared with Ͻ10% of the clones from other patients (2.0% for AHB, 7.2% for IT, and 9.7% for CHB; P Ͻ 0.001).
(ii) Amino acid variations in HBcAg, large HBsAg, and HBxAg. Regarding variations in HBcAg, in genotype B, two or three of five ACLF patients had mutations or deletions in the region L60 to I97, which has been widely studied as being T-or B-cell epitopes (28, 29) , but these were not observed in AHB and IT patients. E113, T114, A131, and P135 had more variation in frequency in the ACLF patients with genotype B, not only in CHB, but also in the ACLF patients with genotype C (see Fig. S2A and Tables S2 and S3 in the supplemental material).
Concerning amino acid changes in the large HBsAg in genotype C, approximately one-half (49.2% [31/63 clones]) of the clones in two of four ACLF patients had a mutation at I161, while 74.6% of the clones (47/63 clones) in three of four ACLF patients and 47.8% of clones (44/92 clones) in three of seven AHB patients had a mutation at N177. Nevertheless, in genotype B, six amino acid sites, five of which have known cytotoxic T lymphocyte (CTL) epitopes (30) , had a higher frequency of variation in ACLF patients than that in IT or AHB patients (see Fig. S2B and Tables S2 and S3 in the supplemental material).
With respect to the distribution of HBxAg amino acid point variations, K130, V131, and C143 had the highest frequency of variation in ACLF patients (Ͼ40% of clones for two of five pa- tients) infected with genotype C, while a similar frequency (more than one-half of the clones) was observed in patients infected with genotype B presenting as ACLF and CHB. In AHB patients, the highest frequency of variation at S101 was found in AHB patients (Ͼ60% of clones for five of seven patients) (compared to Ͻ10% in the others; see Fig. S2C and Tables S2 and S3 in the supplemental  material) . NA resistance-related or compensatory mutations in the RT region. None of the primary lamivudine-, telbivudine-, entecavir-, adefovir-, or tenofovir-related resistance mutations were found in 606 clones, but lamivudine compensatory mutations were found in 32 clones from three patients at rtT128P (AHB-10, 15/15 clones), rtV173L (AHB-17, 1/15 clones), and rtN238T (CHB-2441, 16/16 clones).
Stop codon, deletion, and insertion mutations. Stop codon mutations due to nucleotide acid substitutions were observed in large HBsAg only these (shown in Table S4 in the supplemental material) rather than in 3 other open reading frames (core, X, and polymerase).
Deletion or insertion mutations were observed more frequently and were more complex in CHB and ACLF patients (five of 11 and five of 10 patients, respectively) than those in AHB and IT patients (2 to 3 for each), as summarized in Table 4 . The deletion patterns at the nucleotide and amino acid levels in an AHB (AHB-10) patient are shown as a deletion of the first one-fifth of the nucleotide acids, leading to an amino acid deletion in the large HBsAg, middle HBsAg, and polymerase. In an ACLF patient (ACLF-401), numerous nucleotide acid deletions in different clones from nt 1997 to 2279 led to frameshift mutations, which resulted in a premature stop codon and truncated HBcAg.
DISCUSSION
HBV infection results in different clinical outcomes, such as acute self-limited infection, chronic hepatitis, or immunotolerant status, due to different levels of immune responses, such as complete or incomplete responses and immunotolerance (31) . The HBV population in the host consists of genetically heterologous variants and exists in the form of a QS. It is proposed that QS may contribute to viral persistence and pathogenesis because QS contain a large number of mutated genes that serve as a reservoir for viral selection under the immune response and in antiviral treatment (32) .
AHB is thought to be invariably associated with the control of HBV infection through the induction of an efficient HBV-specific T-and B-cell response or through an effective innate and adaptive immune response (33) . Few studies have investigated QS in indi- viduals with AHB because of the temporary presence of virus in serum. Our study demonstrated that the HBV QS had the lower complexity and diversity at the onset of AHB than those in the chronically infected patients. Thus, the HBV QS in AHB cases was less complicated and had weaker adaptability than those in the chronic infection cases. This might have resulted from not only the shorter time of infection but also efficient HBV-specific T-and B-cell responses of host immunity (34) ; the B-cell responses played a key role in the early stage of infection. Regarding the G1896A mutation in AHB patients, which was of interest, all mutations (three of six patients) were observed in genotype C only within 1 week of clinical onset. It seemed that patients infected with HBV genotype C might have earlier HBeAg seroconversion than that of those infected with genotype B. Furthermore, an amino acid substitution at HBx-S101 (T1674C/G) was significantly more frequent in AHB patients (60.9% of clones, 4 of 6 patients versus Ͻ10% in chronic patients), which is the first time this has been described in genotype C and could be further investigated.
Among HBV chronically infected patients, our present study showed that the HBV QS had a higher complexity in CHB and ACLF patients (stage of immunoactivation) than that in the IT patients (stage of immunotolerance). The IT phase has been characterized as having high levels of HBV replication and lack of clinical signs of liver inflammation at the early phase of chronic HBV infection. Wang et al. (35) recently investigated the HBV viral evolution from the immunotolerant to immunoactive phases of chronic HBV infection during a long-term follow-up, which suggested that immune selection plays a very important role in viral evolution in the course of chronic hepatitis B infection. Our study, concerning single amino acid variations (Fig. S2 , and Tables S2 and Table S3 in supplemental material), also showed the low prevalence of amino acid variations in HBcAg and large HBsAg. Although five amino acid variations (at K7, Q10, H51, A81, and S96) at the preS1 region were observed in more than one-third of the clones in IT patients rather than in CHB and ACLF patients, these amino acids were not clustered in the T-or B-cell epitopes. An alternative hypothesis of immunotolerance has been proposed by Bertoletti and Kennedy (36) that a lack of clinical signs of liver inflammation in IT patients is not associated with a complete absence of HBV-specific T-cell response but with an antiviral noninflammatory immune response. Based on our viral descriptive results and the hypothesis of Bertoletti and Kennedy (36), we proposed that with the noninflammatory immune response in IT patients, the virus under immune pressure might result in amino acid mutations in nonepitope regions rather than in T-or B-cell epitopes. Whether HBV chronic infection with different clinical presentations (immunotolerance or immunoactivation) is an inflammatory rather than a virus-induced disease should be further evaluated (36) .
The pathogenesis of ACLF remains unclear. It has generally been held that mutations of the viral genome and host immunologic deregulation underlie ACLF. During the natural course of HBV chronic infection, especially in the immunoactive phase, mutations in the core promoter (CP), precore, and core genes are most common (37) . The association of hepatitis B virus mutations in the core promoter (T1753C, A1762T, G1764A, and A1846T/C) and precore regions (G1896A) with the severity of liver disease has been widely discussed (38) (39) (40) (41) . The G1896A mutation resulting in reduced or absent HBeAg production may be one of the factors contributing to severe hepatitis, as both of the above mutations have been shown to upregulate viral DNA replication and reduce HBeAg production in vitro (42) . T1800C and G1862T comprised Ͼ20% of the mutations of all clones in ACLF but no mutations in the other groups. Whether or not these mutations are involved in HBV replication or other mutations has yet to be determined. Regarding those mutants in specific open reading frames (ORFs), the MFI was used to give an overall estimate of the conserved and variable regions. Core and HBx peptides have been shown to be more conserved than surface and polymerase peptides (25, 43) . However, in our study, specific amino acid regions (aa 90 to 135 in genotype C, aa 60 to 130 in genotype B of HBcAg, and aa 131 to 135 in HBxAg) were observed to have a higher frequency of mutations or deletions in ACLF patients, followed by CHB patients. Furthermore, amino acid variations within the human leukocyte antigen (HLA) class II-restricted T-cell recognition (CD4 ϩ ) epitopes (aa 50 to 69 and aa 117 to 131) and within the B-cell determinants (aa 74 to 89, aa 107 to 118, and aa 130 to 138) have been showed to accumulate during periods with frequent hepatitis exacerbation (44, 45) . The beginning of the preS2 region had a higher rate of mutation as well, which was possibly due to host immune pressure. The MFI and single-amino acid variation results help us not only to get an overview of the changes in mutation frequency but also to speculate on the nature of the interaction of host immune with specific sites of peptides in different clinical phases and different genotypes.
Deletions and insertions are believed to be associated with the progression of viral hepatitis. Several nucleotide deletions and insertions at the region overlap the CP, and the precore region results in truncated HBxAg or additional amino acids, which potentially alters HBx functionality (46) , was detected in our study (Table 4) . Hot spots include the precore/core genes, preS region, and the region of the X gene overlapping the core promoter (47), which were more frequent and complex in CHB and ACLF patients than in AHB and IT patients. The coexistence of wild-type HBV, relative to deleted sequences, and mutants with deletions in the core gene have been shown to enhance viral replication (48) . Deletions in HBsAg were rare; nevertheless, deletions in preS1/S2 were observed more frequently in patients with a different level of immunoactivation (ACLF, CHB, and AHB) than in IT patients, which was similar to another report from China (49) and what is seen in HBV/HIV coinfection (50) (51) (52) . It appears that the amino acid deletions within the preS1/S2 and core regions might be as- sociated with CHB or ACLF under different levels of inadequate selective pressure. The existence of antiviral-resistant mutations in treatment-naive HBV-infected individuals has been reported for patients with chronic HBV infection (53) . Our analysis of the HBV RT region, however, showed that no NA resistance-related primary mutations were found in our patients. By using ultradeep pyrosequencing in our recent published study, NA resistance-related mutations were identified more frequently in treatment-naive CHB patients than with clone-based sequencing (54) . The basis for this absence of determining primary mutations might be the small number of clones (14 to 17 clones per patient) selected for sequencing, while up to 25 clones per patient were selected in our previous studies (7, 54) .
Although next-generation sequencing technologies allow for massive parallel amplification and detection of individual DNA molecules and have been largely applied in viral research, the length of the sequence read (Ͻ500 bp) does not cover the fulllength HBV genome. Clone-based sequencing has been used as the reference technique for studying the heterogeneity of viral QS. The present study is the first to describe the different characteristics of full-length genome QS patients with HBV acute and different phases of chronic infection; however, it still has some limitations, such as the number of patients enrolled and the limited number of clones selected for sequencing. Moreover, because HBV QS for all individuals was not longitudinally analyzed, the results obtained regarding the schema in the viral QS under the effect of selective pressure of the immune response require corroboration by further studies examining additional patients.
On the basis of the present study concerning different phases of HBV infection without antiviral therapy, HBV QS had a higher heterogeneity in ACLF and CHB patients than that in IT patients in the chronically infected groups. AHB patients had lower QS complexity and diversity at the onset than those in chronically infected patients. The HBV mutant spectrum may be associated with the duration of infection (acute versus chronic) and level of immune pressure. More HBV genome mutations, especially in epitope regions and in the form of more deletions, were observed in more severe diseases, from which we could conjecture that changes or adaptations in the HBV genome might be selected due to immune pressure and might be related to its pathogenesis.
